Investigation of the effects of sub-threshold high energy electrons on the properties of silicon photovoltaic cells  Midway report, 3 Feb. - 3 Aug. 1969 by Crisman, E. E. & Loferski, J. J.
Division of  Engineering 
Brown Universi ty 
Providence, Rhode Is land 
MIDWAY REPORT 
Inves t iga t ion  of  t h e  Ef fec t s  of 
Sub-Threshold High Energy Electrons on 
t h e  Proper t ies  of S i l i c o n  Photovoltaic Ce l l s  
contract  952386 
Period Covered: 
February 3 ,  1969 through August 3 ,  1969 
Report prepared by: J .  J .  Loferski and E. E.  Crisman 
Sponsored by: J e t  Propulsion Laboratory 
Cal i fornia  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, Ca l i fo rn ia  
September 1969 
https://ntrs.nasa.gov/search.jsp?R=19700009438 2020-03-12T01:07:25+00:00Z
Divis ion  of  Engineering 
Brown Unive r s i t y  
Providence, Rhode I s l a n d  
MIDMY REPORT 
I n v e s t i g a t i o n  of  t h e  E f f e c t s  of 
vons on Sub-Threshold High Energy Elect-. 
t h e  P r o p e r t i e s  o f  S i l i c o n  Pho tovo l t a i c  C e l l s  
Pe r iod  Covered: 
February 3, 1969 through August 3 ,  1969 
Report prepared by: J .  J .  LoEerski and E.  E. Crisman 
Sponsored by: J e t  Propulsion Laboratory 
C a l i f o r n i a  I n s t i t u t e  of  Technology 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  91103 
September 1969 
ABSTRACT 
----.-- 
The e f f e c t s  of  i~x>radia t ing  semiconduc-t-oi?s by "sub-t?~reshoPd" e l e c t r o n s  
is  reviewed, I t  .is poin ted  ou-t - that  l i t h i u m  atoms clissolvecl i n  s i l i c o n  would be 
displacec? by eJ.ectrons whose energy is l e s s  than  35 keV, whereas t h e  elecdc:ron nus-t  
have about - . 1-50 keV t o  d i s p l a c e  a  s i l i c o n  a-kom, Expcrqimen-ts designed t o  t e s t  
t h i s  p't>e.nome~lon a r e  c l e sc~~ ibed .  The e f f e c t s  of e1.ectron i r p a d i a t i o n  on semiconduc-t-or 
su r f aces  are also reviewed. Experimental appara tus  for i n v e s t i g a t i o n  of  t h e  e f f e c t s  
of e l e c t r o n s  i r r txd ia t ion  In  o ~ g a n i c  vapor f r e e  vacua ( l i k e  those  of  o u t e r  space )  
on t h e  c h a r a c t e r i s t i c s  o f  s i lLcon pho-tovol taic  c e l l s  is  descr4.bed. 
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a f t e ~  alters-kion of the ambient:. 
F I G U R E  le, 1,/1, vs,  in-Legsx:-i:ed E2.w of-1.3.5-IccV e l e c t r o n s  fan> 162cm, nSi. Three 
1.o-J r l.eul Kasal success?.ve ~ u i ? s .  C A"" 
F I G U R E  5.  Ise/Isco vs .  integrc. . ted f l u x  017 1.15 keV elcc"ci?ons f o ~  l R c m ,  p--Si. [ A f t c u t  
Kasai j-o:] 
F I G U R E  6 ,  Stainless s t ee l -  i r rzdia- t ion chanber, assernhl.y drawiilg. 
F1:GUliC ' I .  S-tainless s t e e l  i r r a d i a t i o n  chaiirber, pho-tog:~.$al>l~~ 
F I G U R E  8, Photograph 01 appa~z- lus  for  lo^ -teii~pel.a-L~~c i ~ r i ~ d i a ' c i o i l  of s i l i c o n  p/n 
c e l l s .  
The. purpose of  t h e  r e s e a ~ e h  program supported by t h i s  cont;?act i s  
t o  s tudy  t h e  e f f e c t s  o f  "sub-lh~esho1.d energy" e l e c t r o n s  on t h e  p r o p e ~ t i e s  
of s i l i c o n  photovol.taic ce . l .1~  , especi.al.ly s j - l icon  celJ..s doped with J-ithi.u.m. 
By "sub-"c3reshold ei:epgyf' c:lec.-trons , we mean e l e c t r o n s  ~ i h o s e  energi.es a r e  
below t h e  rninj-mm energy- E t h  requi-red to produce observable changes i n  ttie 
e l e c t r o n i c  proper - t ies  of photo.irol.taic c e l l s  by displacernerzt o f  t h e  h o s t  
1 a t t i - c e  ( S i  ) atoms. 
The changes by e l e c t r o n s  whose enej2g.i.e~ exceed t h e  th re sho ld  
energy Eth a r e  dnletcr'ioris; t hey  resu.lf  i n  a dcg~ad i l t i on  o f  t h e  power 
0u.tpu.t. capabili'cy o f  photovo3."ua.ic c e 3 . l ~ .  Th-ese changes i.n e l ec - t ron ic  
proper - t ies  a.rise a.s ;r resu1.t  o f  t h e  i.n-l:x~oduction of  new de2ec-ts i n t o  t h e  
semicondt~.c-t-or. The levels  ppoduced 5.n si1.icon by irs?adia-tion rs~ith e l e c t ~ ~ o n s  
a l~ove  t h e  "damage -th~eshs.%ci" are d i s t r i b n t e d  "i~roughout t h e  forbidden energy 
gap, i. e . bo-tla shal.l.or.r a~nd deep l eve l  s appeai? a f t e r  i ~ r a d i a t i o n .  Shallow 
l e v e l s  car1 chani,;e t h e  concluc-irj.\~ity o of t h e  semi.conductor and deep l e v e l s  
can a f f e c t  1jo.l-h o and t h e  life-tirnc of mi.nopity cx i* r i e r s  r . In  Infas- 
g~own",  high qual. i ty sj..licoi-i l i k e  t h a t  i n  s o 3 - a ~  c e l l s ,  r i s  co i l t ro l led  
by deep-level. d e f e c t  co?acentrations 5 l ~ - ~ ~ / c c  , whereas cr i s  c o n t r o l l e d  by 
shal low l e v e l  col~il~~~.t~.; .-i . j .~~is 2 J O - ~ / C C  . Therefore,  a given deep.-level 
'whi-ch c;m a f f e c t  a by t r a p p i n g  ma jo r i t y  c a ~ 2 r i . e ~ ~  or -r by o f f e ~ i n g  r e -  
cornbination s i t e s  fop m.i_no.r.ity c a r r i e r s  i s  more Like ly  t o  cause 0bse~vab3.e 
changes i.11 r before  it p~:loduccs any e f f e c t o n  G . Because r a1-1c1 o 
can be conti?oJ.IAed by dif:Ferent k inds  of  defects, it i s . p o s s i b l e  t h a t  t h e  
darnage th re sho lds  may be d i f f e r e n t  ~ C J F  "ihese ttro pa-r2rne'ceps. I n  t h e  case  o f  
s i l i c o n ,  however, t h e  damage thr*esholds ape 'che sa.rne f o r  o and r , b u t  a 
d i . f fe ren t  t h re sho ld  has been found f o r  a-- aild p-.i-b~e-rna"cerials, [See paper  
by F l i c k e r ,  Scott--14unck and Lofecs t i  C 1 )  and doc-toral  d i s s e r t a f  ion  of R. I,, 
Novak, Uni.versity o f  Pennsylvania.  1 The ea l? l ie r  j .nvest igat ions showed 
t h a t  t h e  damage t1n:eshold. i.n n-Si i s  115 keV and . that i t s  va lue  i.n p-Si tras 
225 keV. 
This  d i f f e r e n c e  e x i s t s  because t h e  deep-level  d e f e c t s  which con-trol 
T and a i n  i r ra .dia- ted n-s i . l i co i~  c o ~ l s i s t o f  complexes foi-nled by a. s i n g l e  
vacancy and an impur i ty  atom l i k e  0 ,  P ,  As, e-t-c., \.rhil.e "cje deep- leve l  d e f e c t s  
which c o n t r o l  I- and a i.n i.ri9adiated p--Si a r e  d ivacancies  fo~11.rilcd not  by 
t h e  cornbination of  two sepc?.xmtely produced vacanci.es, bu.t r a t h e r  by t h e  
di.sp1ac:emen-t of two adjacen"ci l i .con a:tc7nls a s  a resu1.t o f  a scaJcter ing event  
i n  which suff ic ienJc enel.gy is "s-ansferred t o  a s i l i c o ~ a  atom s o  t h a t  it can 
d i s p l a c e  both i tseeif  ailcl one of  i t s  neighbors .  Obviously, it t a k e s  moiTe 
enepgy t o  displ-ace a p a i r  of a-toms thara t o  d i sp l ace  a s i i lg le  one,  This 
accounts  f o r  tlae cliffererzce i.n darr~age " c ~ r e s h o l d . ~  i n  n -  and p--Sic 
POSSIEL,E EUL,l< EFFECTS OF " SUE-Tf-i~~CSk1OI~U1' CLEC:TROl\' 1 RI'\A!jI:ATl ON 
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I t  i.s possible i i a  pri.ncLp1.e for: " s h e  electroi:  Lz.radj-ation t o  
p ~ o d u c e  cha.nges i n  the eS,ec.t~:*ori.i.c p r o p e ~ t i e s  of  a sem~.cor~duc-?or> even i.f t h e  
e lec- t ron  energy j.s bel-ors tha-t ricqu;.l:.ecl t o  c1ispl.ace a h o s t  la t - t ice  atom. 
For example, i f  t h e  c r y s t a l  conta..ins subs-ti."cu.ti.cnal i m p u r i t i e s  whose mass 
j.s s ~ n a l l e r  than t h a t  o f  tht? hos t  a.-tan, t h e s e  l i g h t e r  atorns could be d i sp l aced  
and vacancies  would be produ.ced by e l e c t r o n s  whose energy was t o o  low t o  
d i sp l ace  a hos t  OJ..~.t--t-i.ce atorno For; example , 1-ithiurn a'coins have atoiilic weights  
of 6 aad 7 ,  ohereas sil.icoi? a-tom have a.-koii1i.c weights  of  28 and 29. 
( 3  1 It call he s h o ~ n  t h a t  t h e  thresho.ld. en&gy o i  t h e  e lec tyon  E t h  is r e l a t e d  t o  t h e  rnini~nuiii energy T constra..i.ning an atom t o  i t s  s i t e  by 
m t h e  r e l a t i o n  
A 
trhere m i s  t h e  elecJcron iiiszs; M is  "she Inass o f  -the d i sp l aced  ahom and c 
i s  t h e  v e l o c i t y  of l j g h t .  S u b s t i t u t i o n  of aappropriatx cons t an t s  i n  Eq. ( 1 )  
l e a d s  t o  t h e  nore  coiawcnieilt form 
A 5 s  t h e  ;;"comi.c .i!e.i.glit o f  the t a ~ g e - t  a-tom; E: is the c?nergy o f  
the  e l e c t r o n  j.11 lieV an-I T is t h e  energy t raosfen.ebhto the s t ~ i i c i i  atom 
m i n  eir. In t h e  case  o f  s i l . l con ,  a s  iloted above, "c value  of  E for* 
disp1~acernen"iof a s i n g l e  s i l i c o n  ?:toin i s  115 keV . 8) t 1 2  S ince t h e  atomic 
we.i.gl~t o f  s i l i c o n  i s  % 28, s u b s t i t ~ i  i n  Eq. ( 2 )  1.eads t o  a value f o p  
T 2, 12.8 eV, This i s  t h e  energy wj.-th which S i  is bound -ko i t s  s i t e  i n  
tgz  diamond l a t t i c e .  
If t h e  L i  atom occupies  a substi.-ktational s i t e  and it is  bound t o  
t h a t  s i t e  tri th t h e  sa111e energy a s  t h e  Sj. atom (.L 1 2 . 8  eV), then  L i  atoms 
would he d i sp l aced  from suc1-1 subs.i-itu3riomal. s i t e s  by elecJsPons r ~ i - t h  energy 
E 2, 30 keV. I f  t h e  Li atom occllpies an in2ers-t-j t i a l  s i t e ,  even J e s s  energy 
should be needed t o  d i s p l a c e  i t .  
A f a c t o r  which aslgues a g a i n s t  easy observa t ion  of changes i n  5 
or r a s soc i a t ed  with t h e  displacerncnt o f  Li atoms i s  t h e  smal l  concentsa- 
t i o n  o f  Lj. r e l a - t i ve  t o  t h e  coiicen.tration of hos t  iT.attice s i l i c o n  atoms. In  
Lj.-doped s o l a p  ce.l.1 q u a l i t y  n--Si ,  whose f r e e  e l e c t r o n  concen"ca"con 1-1 is  
a.ssumed t o  w i s e  f-.m tlie $.gnizration :of L i  atoms, t h e  L i  ioil concent ra t ion  b is. i n  t h e  r a g e  10i.' t o  1.0 a.toms/cc, i . e .  , one ion ized  Lj. atom pe r  1 0  op I PO S i  atoins. The techniclues lased t o  measus?e T and a tr0~1.d need to be 
extremely s e n s i t i v e  if ef fec- t s  (q:! L i  displ.acenient a r e  t o  be observed. 
Horic~et*, vrork by o thep  au tho r s  has shown that- t h e  Lj- concent-ration i n  
Si. i s  h ighe r  than  t h e  fpee e2.ectron coneen"catj.on TI . In  o t h e r  words, 
every  1,;- atom does no t  con.tPibute an e l ec tpan  t o  t h e  cond.uction band. Some 
L i  atoms ]nay have i"omec2. elr-lcfa~oni.cal.ly i n a c t i v e -  complexes with oxygen o r  
o t h e r  t m c e  i.mpu.rrities i n  -the si:!.icon. Other Li. atoms ]nay have preeipi . ta ted 
a t  d i s loca t io r i s  where they incly form clus- teps c o n s i s - t h g  of' l a r g e  nuinber of 
L i  atoms. EJ.ec-txon iui-adia.t:i.on could d.islodge L l i  f ~ ~ o m  arly of  t h e s e  s i t e s  
s o  t h a t  t h e  slunlher of L i  atorns avaj._l.abl_e foj? displacenie~t-k by "sub-.threshold" 
e l e c t r o n s  i s  actu.ally sirhstat .~tiall .y highci. than nunber o f  ~ i '  i o n s ,  i c e .  
-khan t h e  f r e e  carrbisr c o ~ c e r ~ ~ t ~ a t i o n .  
Another open qucs t ion  rrliich can be aiast!crcd by i r r a d i a t i o n  of Si :lJi 
with "sub-thPeshold1' elec"crons i s  whether d i s lodg ing  L i  From co~ilplexes ,
s u b s t i t v - t i o n a l  s i t e s ,  d i s l o c a t i o n s ,  e t c . ,  iri~yr~oves o r  degj-ades r . If L i  
atoms aye 1.iberated f ro~n  t h e  s i t e s  at which they  a1.e lodged, t hey  may 
migra te  through t h e  la t -Lice  t o  Eorn l i f e t i m e  contvol i l lg  complexes whose 
p r o p e r t i e s  r e s u l t  i n  h ighe r  va lues  o f  T than  those  obscived i n  t h e  S i  
before  ir ~ a d i a t i o n .  To s e e  why t h i s  i s  s o ,  no te  t h a t  T i s  given by t h e  
r e l a t i o n  13-l- 
here  N i s  t h e  concentra'cion o f  t h e  i - t h  recombi.nation c e n t e r ;  a 
ri . i s  gi-; .L i t s  rninorlty cmr i . e r  cap-Lure c ros s - sec t ion  and f .  (E ) i s  t h e  proba 11 I. iy  P t h a t  a c e n t e r  is  occupied by a rna-jo~i-ty cslr.si.er. %he value o f  E. (E  ) 
depend-s on t h e  energy d i f f e r e n c e  between t h e  Fermi energy E '  ana tfie 
recolnhination cen te r  energy E end on t h e  absolut:e ternpi : rakre T . 
I? Equation ( 3 )  is based on t h e  assv.mption 'ihat t h e  recombination centears  
act independent ly o f  each o t h e r ,  Usual ly,  one type  of  iqecombination 
c e n t e r  domi.na-tes beca.v.se t h e  producdc o f  t h e  p m ~ n e " c r s  i n  Eq. ( 3 )  i s  rniich 
g r e a t e r  fox- one kind of d e f e c t  than  foi? any o t h e r  kind.  If L i  atonis 
d i s lodged  by t h e  llsub-thseslaold energy" e l e c t r o n s  form new complexes wi th  
t h e  dominant d e f e c t ,  they could  s h i f t  t h e  c o n t r o l  o f  l i fe- t ime t o  some othes? 
d e f e c t  spec i e s  with a consequen-t i n c r e a s e  i n  -r . Reca l l  t h a t  T is  
cont ro l&d by v r y  smal l  recornbinat ion  centel? concen t r a t ions ,  i. e . , 
N 2, 1 0  I. 5 18- 10 /cc.  The L i  atom concentra"c.on i s  s i l i c o n ,  which may be 
agout 1 0  /cc ,  i s  high enough t o  p l a y  a s i g n i f i c a n t  r o l e  i n  l i f e t i m e  control.. 
Radiatioil d e f e c t s  r e s u l t i n g  f~lorn t h e  displacement o f  impur i ty  atorns 
have never  been observed i n  a semiconductor.  I t  was proposed a t  one t ime t h a t  
l ' sub- t l~reshold  energy" e l e c t r o n  damage i n  Ge resu l ted .  from t h e  displacernent 
of hydrogen atorns d isso ly$$  i n  t h e  Ge bu t  subsequent experiments f a i l e d  t o  
suppor t  t h i s  hypothesis .  It shoul.d, however, be poin ted  o u t  t h a t  t h e r e  
have been v i r tua l l -y  110 i n v e s t i g 8 t i o n s  aimed a t  observing "cis phenomenon. 
The l a r g e  mass d i f f e ~ ~ e n c e  b tween Li and S i  atoms provides a f avorab le  
s i t u a t i o n  f o r  s tudying  impuri ty  displ-acenienf e f f e c t s .  (Of course ,  t h e  
s i t u a t i o n  wou.ld be even more f avo rab le  i n  Ge whose i so topes  have atomic 
weights  ranging from 70 t o  76.)  
A search  for e f f ec - t s  of L i  displacements  on tile p r o p e r t i e s  01 S i  
i s  o f  irnpor'iance t o  s o l a p  c e l l  u t i l i z a t i o n .  Calcu la t ion  o f  t h e  numbep o f  
displacements  may have t o  t ake  i n t o  accoun-t L i  a-Lola displac:ernents. In  
a d d i t i o n ,  a s tudy  of L i  d i sp l ace~ncn t  phenomena could el-ucida'ce t h e  mechanisni 
f o r  s e l f  -Ileal i ng  of r a d i a t i o n  darnage i n  Li doped s i l i c o n .  
SURFACE EFFECTS OF ELECTRON JRr\llD%nTION 
- ------ --- ----- --- . 
I n  t h e  pj?eced.i~-rg sect:-on we have d iscussed  possib1.e bulk e f f e c t s  
o f  i~?radia t i .o i l  o f  s.i.l..i.con by eJ.ec-i:rons whose eno?gy i s  t o o  1.or.r t o  displ.;zce 
s i l i c o n  atoms. The d.ispl.acernent o f  L i  i.tnpurit-i.es may o r  nlay n o t  Lead t o  
observable changes i n  a and T . However, t h e r e  is no ques t ion  about t h e  
a b i l i t y  of sub-- threshold e l e c t r o n s  t o  cause changes i n  t h e  s u r f a c e  p r o p e r t i e s  
of  senliconductors incl.uding s i l i c o n .  These e f f e c t s  may be t r a n s i e n t  o r  
permanent, They w i l l  be s t r o n g  func t ions  of  t h e  gaseous ambient i n  which 
t h e  s e m i c o n d ~ ~ c t o ~  i s  immersed and they  a r e  u sua l ly  s t r o n g  func t ions  of t h e  
p a s t  h i s t o r y  of t h e  su r f ace .  
We shal! f i rst  p re sen t  a b r i e f  d i s c u s ~ i o n  o f  t h e  r o l e  played by 
t h e  su r f ace  i n  a f f e c t i n g  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  semiconductor. The 
s u r f a c e  i s  commonly cha rac t e r i zed  by a s u r f a c e  recombination v e l o c i t y  s o r  
i t s  e q u i v a l e n t ,  a s u r f a c e  l i f e t i m e  T . For example, i f  one measures t h e  
decay t ime of  a photoconductive s ign87 i n  a semiconductor f i l a m e n t ,  t h e  
3.ifetime i.s i n  f a c t  an " e f f e c t i v e  l i f e t i ~ n e "  T which is r e l a t e d  t o  t h e  
bulk l i f e t i m e  T and t h e  su r f ace  l i f e t i m e  reffby t h e  r e l a t i o n  b s 
The su r f ace  l i f e t i m e  T i s  r e l a t e d  t o  s by t h e  fo l lowing  expression 
S 
where w i s  t h e  th i ckness  of  t h e  f i lament  ( i t s  sma l l e s t  dimension).  
The s u r f a c e  recoinbination v e l o c i t y  i s  a func t ion  o f  t h e  number o f  
recombination s i t e s  r e s i d i n g  on t h e  s u r f a c e ;  on t h e  energy l e v e l  ( o r  l e v e l s )  
o f  t h e s e  recombination c e n t e r s  and on t h e  energy d i f f e r e n c e  between t h e  Fermi 
l e v e l  and t h e  recombination c e n t e r s .  The positLon o f  t h e  Fermi l e v e l  a t  t h e  
su r f ace  depends on i t s  pos i t i on  i n  t h e  bulk m a t e r i a l ,  i . e ,  on t h e  l e v e l  o f  
doping; and on t h e  s u r f a c e  p o t e n t i a l  Qs , i . e .  t h e  "bending" o f  t h e  bands 
a t  t h e  su r f ace .  Figure 1 i l l u s t r a t e s  a p o s s i b l e  con f igu ra t ion  o f  bands 
before  and a f t e r  changes i n  t h e  ambient f o r  t h e  case  of n-Si.  In  t h i s  
f i g u r e ,  t h e  s w f a c e  reg ion  c o n s i s t s  of an inve r s ion  l a y e r ,  i . e .  t h e  Ferini, 
l e v e l  at t h e  s u r f a c e  l i e s  belov i , t h e  Fermi l e v e l  i n  i n t p i n s i c  m a t e r i a l  
and, t h e r e f o r e ,  t h e  s u r f a c e  i s  p-type. The degree of band bending depends, 
on t h e  "s1.0~" s t a t e s  l oca t ed  on t h e  o u t s i d e  o f , o r  i n s i d e  t h e  t h i n  (<  1000 A )  
oxide  l.ayer which i s  always p re sen t  on s i l j -con  a f t e r  exposure t o  t h e  
atrnospherc. I n  o r d e r  t o  p ~ o d u c e  t h e  invers ion  l a y e r  shown ill F ig .  1, t h e  
tlslow" s t a t e s  have t o  be acceptors .  They a r e  n e u t r a l i z e d  by conduction 
band e l e c t r o n s  which l eave  t h e  i n t e r i o p  of t h e  specimen and "crave1 t h o u g h  
t h e  oxide u n t i l  t hey  reach t h e  accep to r  d e f e c t s  and n e u t r a l i z e  them. 
Surface l i f e t i m e  and, the l?efore ,  t h e  su r f ace  x.ecoml~ina-Lion vel0c:i-i-y 
i s  c o n t r o l l e d  by  he " f a s t "  s t a t e s ,  I n  Fig,  1, t h e r e  i s  an i m p l i c i t  
assu~nption t h a t  t h e  East s t a t e s  a.re a l l  a t  a s i n g l e  energy l .evel E ; t h i s  t: i s  no t  necessat- i ly  so .  J u s t  a s  i.n t h e  bulk ,  it is possihJ.e t h a t  t h e r e  may 
be a numbep of d . i f fepent  k inds  of  recombination c e n t e r s ,  each chai-acterj-zed 
by i t s  orm c r o s s  s e c t i o n  fop  cap tu re  o f  minor i ty  car ,? iers .  The su r f ace  
life'cinie wiJ. . l  then  be de-te~?mi.ned by an express ion  analogous t o  E q .  ( 3 ) .  
There i s ,  however, an important  d i f f e r e n c e  between the  s i t u a t i o n  
i n  t h e  bu.ll< and at t h e  s u r f a c e .  The bulk Ferrni 1-eve1 is f i x e d  re la - t ive  t o  
t h e  bands and it caa be c'na.nged only  with d i f f i c u l t y .  The p ~ i n c i p a l .  method 
f o r  changing t h e  p o s i t i o n  of tile Fermi l e v e l  i l l  t h e  bulk and, t l i e r e fo re ,  t h e  
occupancy facto?? f .  (E ) i n  Eq .  ( 3 )  and consequcntly changing t h e  dominant 
I 
recombi.nation c e n t e r ,  fs t o  c h a g e  t h e  l e v e l  o f  doping. 
Changirlg t h e  occupancy f a c t o ~ ?  f .  (E  ) o f  t h e  su.rface recombination 
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s i t e s  r e q u i r e s  Ei change i n  t h e  "doping" of  t h e  su r f ace  which of  course  i s  
e a s i l y  accomplished. Subjec t ing  t h e  s u r f a c e  "c d i f f e r e n t  s t c h a n t s ,  o r  
exposing t h e  e tched  su r f ace  'co d i f f e r e n t  ambients (vacuum, dry  0 moist  0 2 ' e t c . )  can e a s i l y  change t h e  acceptor  s t a t e  popula-tion on t h e  s u r r a c e  a.nd 2 
i n s i d e  t h e  oxide.  This  i n  tu.m can change t h e  s u ~ ? f a c e  p o t e n t i a l  $s a s  
shown i n  Fig.  I., where it i s  assumed t h a t  dry a.;.~ has ca11.sed an incl-ease i n  
slow . s t a t e  acceptoi. l e v e l s  and,  t h e ~ e f o r e  , a change i n  Q . This  could 
l ead  t o  a change i n  t h e  occupancy f a c t o r  E (E ) of  Eq.  ?I), I f  t h e  change . 
i n  4s i s  l a r g e  enough, t h i s  could r e s u l t  i n  5 ddjffcreilt s e t  of recombina- 
t i o n  c e n t e r s  predominating. 
Now i r r a d i a t i o n  o f  a semiconductor by sub-threshold e lec- t rons  can 
change both t h e  "slow" s t a t e  populat ion and t h e  f a s t  s t a t e  popula t ion .  It 
can change t h e  slow s t a t e  populatj-on a )  by dislodg!ng atoms f ~ o m  t h e  outermost . 
l a y e r s  of t h e  oxide l a y e r ;  b )  by d i sp l ac ing  atoms i n s i d e  t h e  oxide and t h u s  
intr9oducing neri d e f e c t s ;  and c )  by i o n i z i n g  ;?horns of t h e  ambient gases  which 
then  a r e  adsorbed on t h e  su r f ace  of  t h e  oxide l a y e r .  It can change t h e  
f a s t  s t a t e  popvJ-ation by d i s lodg ing  a t o m  i n  t h e  "sui-face" l a y e r  and thereby  
producing d e f e c t s  s i m i l a r  t o  those introduced i n t o  t h e  bulk.  I n  t h e  case  
of s i l - i c o n ,  s i n c e  t h e  su r f ace  l a y e r  is an oxide o f  s i l i c o n ,  t h e  d e f e c t s  
produced neav t h e  supface ought t o  be ma.inly A-centers,  i . e .  oxygen p l u s  
vacancy, even i n  f loa t ing-zone  sj . l icon which rioilld have very few A-centers 
i n  i t s  intej?i.or. a f t e r  e l e c t r o n  i r r a d i a t i o n .  O f  course, it j.s not  ev iden t  
t h a t  -the "sur face  A--center1' would have t h e  same p r o p e r t i e s  a s  t h e  bulk A- 
center., The su r f ace  region is charactetliz,ed by dangl ing s i l i c o n  bands. 
Even a f t e r  t h e  oxygen a2sor;ls h8ve been incorpora ted ,  t h e r e  w i l l  s t i l l  be a 
t r a n s i t i o n  r e g i o ~ l  between t h e  S i  and t h e  oxide co~npr is ing  most of t h e  surface 
f i l m ,  s o  t h a t  "sur face  A-center" p r o p e r t i e s  could be s p e c i a l .  
The experiment-al problen~ i s  t h e r e f o r e  to sepa ra t e  radiation-produced 
changes i n  su r f ace  p o t e n t i a l  Os i r o n  changes i n  t h e  na tu re  o f  t h e  recoabins-  t i o n  c e n t e r s .  Examination o f  t n e  theory  o f  su r f ace  recornbination v e l o c i t y  
a s  a func t ion  o f  + , Et , EF sugges ts  ways o f  s epa ra t ing  t h e s e  e f f e c t s .  
According t o  thLs tgco ry ,  t h e  r a t i o  of s t o  i t s  maximum value  s i s  
max given by 
S 
cash [ ( E  -E . ) /kT-uo] I- l 
t l  
--a = --------------------.-.---------- 
s 
max 
coshL(C -E.)/kT-u 1 f cosh(u -u 
t 1  0 .  S 0 
1. In t h i s  exp res s ion ,  u = -- &n(o /o ) and us is  t h e  dimensionless  s u r f a c e  
p o t e n t i a l  u ;- e Qs/k!$ . 2 P n 
S 
Figure 2 sho!.!s a p l o t  of Eq. ( 6 ) ,  i .e.  o f  S/smax v s .  s ( o r  
u ) f o r  two d i f f e r e n t  ~ecombina"son c e n t e r s  a.nd f o r  t h e  case a = o and,  
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t h e r e f o r e ,  u = 0 . A change i n  p o s i t i o n  of  t h e  dominant recombination 
c e n t e r  by o.? eV would l e a d  t o  a 50% inc rease  i n  t h e  h a l f  width of t h i s  
curve. 
Generation of a curve l i k e  t h a t  shown jn  F ig .  2 r e q u i r e s  t h a t  a 
p a ~ a m e t e r  ppopor~tioilal  t o  t h e  surlfsce recornhination v e l o c i t y  bc msaswed 
and t h a t  an independent means of  changing t h e  s u r f a c e  p o t e n t i a l  be a v c i l a b l e .  
It i s  no t  n e c e s s a ~ y  t o  measure e i t h e r  9, o r  s a b s o l u t e l y ;  it i s  only  
necessarly t o  measure parameters  p ~ o p o ~ t s o n a l  t o  them. 
The parameter proporti .ona1 t o  s trhich we have chosen t o  measure 
is  t h e  pho tovo l t a i c  s h o r t  c i r c u i t  cu r r en t  I p r o  .il ed by s t r o n g l y  
absorbed l i g h t .  A s  we h a w  p rev ious ly  po in t% o u t ,  f 9 9  
where A a.nd B a r e  cons t an t s ,  provided -that t h e  l i g h t  i s  very s t r o n g l y  
absorbed (a9+ >> 1 where R i s  the--di .s tance between t h e  s u r f a c e  on which t h e  
l i g h t  i s  i n c i d e n t  a-nd t h e  junc t ion ,  and b is t h e  -abso~?pt ion  cons t an t ) .  and 
t h a t  t h e  ri~inorj-ty c;is.xliep d_iffu.si.on leng.?h L s a t i s f i e s  t h e  pel-at;-on 
P,/L 5 1 . 
I'n a ser'?'j.es o f  p rev ious ly  descs?ibed experilnents,  we have repouted 
t h e  very subs t an . t i a l  changes trhich occur  i n  1: f o r  both s i l . icon and 
S C germanium supfaccs a s  a r e s u l t  o f  i ~ r a d i a i - i o n .  Figulqes It and 5 show t y p i c a l  
s e t s  of d a t a  f o r  S i  pho toce l l s .  I n  Fig. 4 1: 5-ncreases a s  a r e s u l t  o f  
S C i r r ad i a . t i on ;  i n  Fig.  5 t h e  r e v e r s e  i s  t r u e .  The 40% i n c r e a s e  shotm i n  
Fig. 4 would r e q u i r c  a decrease  o f  a t  l e a s t  40% i n  s . The 40% dec~?ease 
i n  I /I shown i n  r i g .  5 would r e q u i r e  a 40% inc rease  i n  s . A s  was 
stat% aE$$e, t h i s  change i n  s could occur. e i t h e r  with 4 constant. o r  
with Q, changing. Even wi th  4 cons tan t  one o r  both of two rnechanisnls 
can be a c t i v e .  F i r s t  o f  a l l ,  a s  shown i n  Fig. 2 ,  e change i n  t h e  n a t u r e  o f  
t h e  reco~nbina t jon  c e n t e r s  could l ead  t o  substan'i.i.a.l changes i n  s . Secondlji, 
even i f  t h e  r a d i a t i o n  were simply producing more recombination l e v e l s  o f  t h c  
same kirld as those  origj-naSSy p r e s e n t ,  s vrou1.d inc rease  because ~ ( ~ $ 7  
p r o p o r t i o n a l  t o  t h e  nu.mher o f  recombination c e n t e r s  a t  t h e  su r f ace .  
I n  view o f  t h e s e  cons ide ra t ions ,  it is  very  l i k e l y  t h a t  e l e c t r o n  
bomhaz.dment changes t h e  c h a r a c t e r  and. concert"c-8.-tion o f  bo th  slow and f a s t  
s t a t e s .  The b e s t  way t o  resol-ve t h e  i s s u e  is t o  genera te  curves l i k e  those  
shown i n  Fig. 2 beE0i.e and a f t e r  e l e c t r o n  imad ia t i . on .  
There a r e  a number of  ways t o  produce such curves .  The b a s i c  i d e a  
i s  t o  change t h e  s u r f a c e  poten"cal  by a p p l y i ~ i g  a f ie lc l  t r a n s v e r s e  t o  t h e  
su r f ace .  Using t h i s  technique ,  lnlany and ~ e r l i  ck l l  succeeded i n  applying a 
f i e l d  l a r g e  enough t o  genera te  a curve l i k e  t h a t  sshotrn i n  Fig. .2. They 
compu-led t h e  sulrface recombination v e l o c i t y  from mcasuremeiats a.f e f f e c t i v e  
l i f e t i m e  based on p u l s e  in-jection technjclues. In t h c i r  experiments ,  t hey  
. . . exposed t h e  s u ~ f a c e  t o  different :  ambients and uere a b l c  to 1neasulqe bokh the  
change i n  su r f ace  p o t e n t i a l  and t h e  a c t i v a t i o n  energy o f  t h e  recombination 
c e n t e r s  causecl by d i f f e r e n t  ~m 7 b '  l e n t s .  
12 Dousmanis obtained an osc i l l o scope  d i s p l a y  o f  curves l i k e  those  
shovm i n  Fig.  2 by rneans of  t h e  fo11.os:ir?g procedure. He placed a t h i n  s h e e t  
of mica, one s i d e  of  which was covered by a semi t ransparent  me ta l  l a y e r  on 
t h e  su r f ace  of  a diode oppos i te  t h e  pl-ale of t h e  p--n junc t ion .  He app l i ed  a 
r e v e r s e  b i a s  t o  t h e  junc t ion  and measured t h e  r e v e r s e  s a t u r a t i o n  c u r r e n t  
I o f  t h i s  p-n junc-t-io1-i. Under c e r t a a i  n.onditions ( r ~ h i c h  1;lei.e s a t i s f i e d  
0 f o r  h i s  p a r t i c u l a r  j u n c t i o n s ) ,  I i s  d i r e c t l y  proport ional .  t o  s . The 
s i g n a l  p ~ 9 p o r t i o n a i  t o  I was d?splayed on t h e  v e r t i c a l  d e f l e c t i o n  p l a t e s  
0 
of t h e  o s c i l i o s c o ~ ~ e .  A l a r g e  a . c .  vo l t age  vras appliecl between t h e  me ta l l i zed  
s i d e  o f  t h e  mica and t h e  body of t h e  semiconductor. The a . c .  s i g n a l  was 
propor-tiona.1 t o  4 ; it was appl ied  a c r o s s  t h e  h o r i z o n t a l  p l a t e s  of  t h e  
oscil3.oacope. I n  8is experi-ments, t h e  s i g n a l  on -the scope f a c e  proved t o  be 
only a segment o f  t h e  curve shovm i n  Fig. 2 because t h e  mi.ca was s o  t h i c k  
t h a t  only a small $rac t ion  o f  t h e  appl ied  a . c ,  potentiaal. appeared acrclss t h e  
very t h i n  (% 1000 A )  supface oxide r eg ion .  Consequently only smal l  changes 
were induced i n  9s 
In  adapt ing  t h e s e  techniques t o  our parJci.cular problem, we in t end  
t o  p l ace  a . f i ne  wire  mesh screen  a few m i l s  above t h e  s i 1 . i ~  n su r face .  The 
e l e c t r i c  f i e l d  r equ i r ed  t o  change 8 + s by one vol-t  i.s 2x10 V/cm. This  
wou3.d requ.i.re a p o t e n t i a l  d i f f e r e n c e  of about 500 V between t h e  screen  and 
t h e  s i l i c o n  sample. I n  ciesigning t h e  vacuum cha~nbei? t o  be used i.n our  
experiments ,  w e  have t h e r e f o r e  provided an i n s u l a t e d  feedthrough capable of  
suppor t ing  such a vo l t age .  
Thus f a r ,  we have confined t h e  d i scuss ion  o f  t h e  s i l i c o n  s u r f a c e  
t o  n-type m a t e r i a l .  The case  o f  p-type S i  i s  c o r ~ ~ p l e t e l y  analogous. Figure 
3 shows t h e  p o s s i b l e  band bending a t  t h e  su.rEace o f  p-materi.al when t h e  l a t t e r  
i s  covered by an  inve r s ion  l a y e r  and il~lmcrsed i n  a changing arnbient. 
There i.s one a d d i t i o n a l  co~np l i ca t ion  a s s o c i a t e d  with e l e c t r o n  
i r r a d i a t i o n  of semiconductor su r f aces .  Besides be ing  a b l e  t o  change + s 
and t h e  na tu re  o f  reconibinati  n s i t e s  on t h e  s u r f a c e ,  e l e c t r o n s  call a l s o  9 induce a s u r f a c e  photovol-tage .tihic:h can change t h e  energy r e l a t i o n  
between t h e  quasi-fer.1n.i l e v e l s  a t  t h e  su r f ace .  The su r f ace  photovoltage 
can a l s o  be used t o  determine t h e  abso lu t e  magnitude o f  -the s u r f a c e  
potent ial- .  F1easu.remen-t of -the abso lu t e  magnitude o f  t h e  su r f ace  p o t e n t i a l  
r e q u i r e s  t h a t  t h e  su r f ace  photovoltage be measured a s  a func t ion  of  t h e  
i n t e n s i t y  of  t h e  incideil-t i o n i z i n g  rwdia t ion .  The va lue  o f  t h e  su r f ace  
photovol.tage t ends  t o t ~ a r d  s a t u r a t i o n  a t  a va1u.e equa l  t o  t h e  d i f f u s i o n  
p o t e n t i a l  d i f f e r e n c e  between t h e  bulk m a t e r i a l  and t h e  su r f ace .  
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The r e s u l t s  of a Bro;.in Univer.::ity inves t iga t i .on  of  t h e  e f f e c t s  
o f  "sub-thresholdt t  e l e c t r o n s  on Ge and S i  have been described i n  Refs.  C91 
and [ lo ] .  Those experj.ments can be suin!nai.ized a s  fol lows.  * 
I r r a d i a t i o n  o f  Ge and S i  by e l e c t r o n s  whose ene rg i e s  a r e  below t h e  . 
t h r e sho lds  f o r  bulk damage can l ead  t o  subs t an t i a - l  changes i n  t h e  s h o r t  
circu5.t currexlt I of pho tovo l t a i c  c e l l s  exposed t o  s t r o n g l y  absorbed 
S C 
l i g h t .  These ~ r e v i o u s  experiments were performed mainly i n  t h e  vacuum 
produced by the  o i l  d i f f u s i o n  pumps o f  t h e  Van de  Graaff a c c e l e r a t o r  which 
served  a s  t h e  source of e l e c t r o n s .  I n  t h e  case o f  n-Si ,  it was found t h a t  
t h e  i r c ~ a d i a t i o n  caused i n c r e a s e s  i n  I a s  shorm i n  Fig.  4, while  i n  t h e  
S C 
ca se  o f  p-Si t h e  changes were i n  t h e  oppos i te  d i - rec t ion  a s  shown i n  Fig. 5. 
In  t h e s e  f i g u r e s  1: i s  plot-ced as a func t ion  o f  i n t e g ~ a t e d  f l u x  i n  2 .;c 
microcoulonibs/c~n o? 100 keV e l ec t rons .  The curves  shown i n  F igs .  4 and 
5 e x h i b i t  a tendency t o  s 2 t u r a t e .  I n t e r r u p t i o n  of  i n - a d i a t i o n  l e d  t o  a 
recovery of t h e  su r f ace  from t h e s e  i r r ;d ia t ion  e f f e c t s .  The r a t e  o f  
recovery  wzs q u i t e  r a p i d ;  t h e  su r f ace  achieved a s t a b i l i z e d  s t a t e  a f t e r  
about one-half h o w  of  r e s t .  Germanium s u r f a c e s  behaved i n  e s s e n t i a l l y  
t h e  same way: i r r a d i a t i o n  produced s u b s t a n t i a l  changes which could be 
e i t h e r  i nc reases  o r  dec reases  i n  I and t h e  s w f a c e  returned t o  a s t a t e  
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resembling i t s  e a r l i e r  s t a t e  when tffe i r r a d i a t i o n  was i n t e r r u p t e d .  The 
experiments with Ge exhi-bited y e t  another  featuj7e. I n  soroe c a s e s ,  t h e  r a t e  
of change \!as differ-ent  cluving t h e  e a r l y  and latex-  s t a g e s  o f  i r r a d i a t i o n .  
In  some in s t ances ,  even t h e  d i r e c t i o n  of  t h e  change was d i f f e r e n t .  The 
va lue  o f  Isc might f i r s t  i n c r e a s e  and a f t e r  a t t a i n i n g  s a t u r a t i o n ,  it 
would decrease.  This  suggested t h a t  ttro prlocesses may have been involved. 
The first o f  t h e s e  would be a change i n  Q . This  could then  be followed S by a change i n  t h e  " f a s t "  s t a t e s ,  o r  i n  sua~face recombination vcl.ocity.  
O f  course  t h e  experiments d i d  not  e l imina te  t h e  p o s s i b i l i t y  t h a t  t h e  chatlges 
could  be completely a t t r i b u t e d  t o  changes i n  4 s  One purpose of t h e  p r e s e n t  r e sea rch  pvogpaln is  t o  d i s t i n g u i s h  between t h e s e  p o s s i b l e  peasons 
for changes i n  I = 
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Another reason f o r  t h i s  i n v e s t i g a t i o n  is  t h e  ques t ion  o f  t h e  r o l e  
played by t h e  r e s i d u a l  gases  i n  t h e  vacuum chamber. The Van de  Graaff  
machine o i l  d i f f u s i o n  pumps pa?ovi.de a vacuuin conta in ing  organic  vapors  which 
can form d e p o s i t s  on t h e  semiconductor su r f aces  and can then  be ac t ed  on by 
t h e  e l e c t r o n  beam. I r r a d i a t i o n  o f  two s i l i c o n  samples i n  an o rgan ic  v a p o ~  
f r e e  vacuum provided by so rp t ion  forepumps and an ion  pump r e s u l t e d  i n  
s t r i k i n g l y  d i f f e r e n t  behavior .  The r a d i a t i o n  induced su r f ace  changes 
proved t o  be more s t a b l e  than  they  had been i n  t h e  vacuum pFocluced by t h e .  
o i l  d i f f u s i o n  pumps; v i r l t ua l ly  no recovery was observed even a f t e r  a t e n  
hour r e s t .  Kore experiments i n  organic  vapor f r e e  vacua m e  needed t o  
a s c e r t a i n  trhether t h e s e  r e s u l t s  r ep re sen t  s t anda rd  behavior of c e l l s  o r  
whether t hey  resulted,fx-om a s p e c i a l  hea t  t rea tment  t o  which t h e  samples 
had been subjec ted .  
CaZcuLations based on even e a r l i e r  experiments a t  Brown had shorm 
t h a t  t h e  changes i n  I caused by t h e s e  s u r f a c e  e f f e c t s  could l ead  t o  
changes of  a s  much a s  96% i n  t h e  output  o f  s i l i c o n  c e l l s  exposed t o  t h e  
v io l e t - r i ch  spectrum of o u t e r  space s u n l i g h t .  
The f a c t  t h a t  t h e  changes can .be i n  a d e s i ~ a b l e  d i r e c t i o n ,  i . e .  - 
t h a t  t hey  can l e a d  t o  an i n c r e a s e  i n  I , makes it d e s i r a b l e  t o  t r y  t o  
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e s t a b l i s h  t h e  underlying cause of t h e s e  changes. The f a c t  t h a t  t h e  
experiments i n  t h e  o rgan ic  vapor fkee  vacuum ind ica t ed  t h a t  t h e  s u r f a c e  had 
been s t a b i l i z e d  as a r e s u l t  o f  i r r a d i a t i o n  provides  another  reason  f o r  
acquj-si- t i o n  of  more information about t h e  pFocesses involved.  
EXPERIMENTAL ARRANGEMENT 
a .  Design of  an I r r a d i a t i o n  Chamber 
For t h e  reasons  c i t e d  above, it is  necessary t o  perform 
experiinents i n  an organic vapor f r e e  vacuum. In our  e a r l i e r  experiments, 
we used a g lass -ye ta l  s stem i n  which we were able  t o  achieve a vacuurn 
-8 i n  t h e  range 10- - 10 t o r r  by pumping with t h e  Vac-Ion pump. That 
chamber suffered  f ~ o m  t h e  disadvantage t h a t  disassembly t o  change samples 
requi red  unsoldering the  p a r t s  o f  the  system. This leads t o  some 
containination. 
In  order  t o  provide an improved i r r a d i a t i o n  chamber, an a l l  metal 
vacuum i m a d i a t i o n  chamber has been designed and constructed.  An assembly 
drawing of t h e  t e s t  chamber and sample dewar i s  shown i n  Fig. 6.  Also, a 
photograph of  t h e  e n t i r e  u l t r ah igh  vacuum system is presented i n  Fig. 7 
including the  Varian Vac-Ion pumping s t a t i o n ,  and t h e  bellows connecting 
t h e  system t o  t h e  Van de r  GraaEf vacuum system; 
The t e s t  chamber c o n s i s t s  o f  an inver t ed  s t a i n l e s s  s t e e l  "tee" 
(see  Fig.  6 )  wi-th a Varian high vacuum f l ange  a t  one end of t h e  horizontal. 
member and a s p e c i a l l y  dcsigned elect?on beam "win60wn a? t h e  opposj-te end.. 
The Varian f lange  is a standard .commercially ava i l ab le  item which sea1.s 
v i a  a copper gasket  t o  a mating f lange  on the  Vac-Ion pumping s t a t i o n .  
The e lec t ron  bean window is a modified vers ion  of Ultelc f lange  which i s  
a l s o  copper gasket  sea led ,  but  has the  f e a t u r e  t h a t  t h e  f lange surfaces  
which s e a t  i n t o  the  gasket a - e  of t h e  rounded edge type r a t h e r  thain.the 
usua l  sharp edge edged f langes .  We found by experiment t h a t  p lac ing a t h i n  
n i c k e l  f o i l  of 0.00015 inch th ickness  between one of t h e  round f langes  
and t h e  copper gasket  allowed the  f l anges  t o  be torqued together  t o  t h e  
manufacturer 's s p e c i f i c a t i o n s  without any damage t o  the  f o i l .  
Such a system provides an e a s i l y  replaceable  beam "window" without the  
usual  necess i ty  of first brazing t h e  f o i l  t o  a r i n g  of  heavier  ma te r i a l  
which can withstand the  s t r a i n s  o f  the  mounting system. This method of  
mounting a l s o  r e s u l t s  i n  t h e  f o i l  being t i g h t l y  s tretcl led ( l i k e  a dru.rn 
head) which should cont r ibute  s u b s t a n t i a l l y  t o  the  uniformity of  t h e  beam 
a f t e r  passing through t h e  window. 
The v e r t i c a l  l e g  of t h e  t e e  i s  tel.ininated.with a commercially 
ava i l ab le  f lange ,  which mates t o  a s i m i l a r  f lange on t h e  sample car ry ing 
dewar discussed below. Although t h i s  f lange system was o r i g i n a l l y  designed 
f o r  gold O-ring sea l ing ,  d iscuss ion with members of t h e  s t a f f  of  t h e  
Camb~idge Electron Accelerator  has r e s u l t e d  i n  the  use of  lead  s e a l s  ins t ead .  
Their experience has shown t h a t  Pb s e a l s  j u s t  a s  well. and i s  considerably 
l e s s  expensive. 
A s  shown i n  t h e  drawing and photograph, a g l a s s  window is a l s o  
provided on one s i d e  of  t h e  "tee"; t h i s  permits  v i s u a l  examinatj.on of t h e  
d e ~ i a r  cold f i n g e r  when it i s  i n  p lace  i n  the  system. It a l s o  allows 
i l luminat ion  o f  t h e  specimen i n  t h e  coupse of  i r r a d i a t i o n  experiments. 
The window i s  a l s o  sea led  v i a  a Pb O-ring. 
The sample dewar is  of s tandard double wall  cons t ruct ion  with 
a l i q u i d  capaci ty  o f  about 2 J-/2 l i t e r s .  This i s  s u f f i c i e n t  t o  maintain 
t h e  co ld  f i n g e r  near  l i q u i d  n i t r o g e n  temperature f o r  cbout 2 hours when t h e  
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system is pumped d o ~ m  t o  t h e  h igh  vacuum range o f  10- - 1 0  t o m ,  The 
i n n e r  wa l l  o f  t h e  dewar t e rmina to r  i s  a l a r g e  ( 1  inch  d i a . )  threaded s t u d  
on to  which va r ious  sample mounting blocks can be screwed. While t h i s  w i l l  
r e s u l t  i n  t h e  l o s s  o f  a few degrees  i n  t h e  u l t ima te  low temperature obta in-  
a b l e  on t h e  samples, it was f e l t  t h a t ,  s i n c e  a v w i e t y  of  experiments is 
a n t i c i p a t e d  i n  t h i s  system, -the advantages of in-terchangable mounting blocks 
outweighed t h i s  p o s s i b l e  disadvantage.  A t  p r e sen t  t h e  mounting block c o n s i s t s  
o f  a r i g h t  pa ra l l e lop iped  o f  square c ross -sec t ion  wi th  two oppos i te  f a c e s  
provided wi th  threaded ~nounting ho le s  t o  secure samples t o  t h e  block.  The 
threaded  mounting ho le s  a s  well as t h e  co ld- f inger - thread  s tud-hole have 
been vented t o  e l imina te  t h e  p o s s i b i l i t y  of  v i r t u a l  l e a k s  i n  t h e  system. 
E lec t r i ca l .  a-ccess t o  t h e  sample i.s provided by two n ine  p in  
g lass - to-meta l  s e a l s  and one high vo l t age  connector.  The high vo l t age  
t e r m i n a l  w i l l  make it p o s s i b l e  t o  apply a t r a n s v e r s e  vo l t age  o f  a t  l e a s t  
500 V. The connectors  are h e l d  i n  p l ace  by s o f t  s o l d e r .  The f l ange  ca r ry ing  
t h e  e l e c t r i c a l .  p e n e t r a t i o n s  i s  sea l ed  t o  i - t s  mate wi th  a l e a d  O-ring. 
Material. and. Assembly 
The primary m a t e r i a l s  used throughout t h e  cons tpuc t ion  a r e  
compatible non-magnetic s t a i n l e s s  s t e e l s ,  Exceptions a r e  a s  fo l lows:  
Item 
-
Mate r i a l  
sample mounting block 
Varian f l a n g e  gaske t  
Ultek f l a n g e  gaske t  
e l e c t r o n  beam window 
viewing windows 
dewar f l a n g e  s e a l  
e l e c t r i c a l  p e n e t r a t i o n  f l a n g e  s e a l  
9-pin e l e c t r i c a l  feed-throughs 
MHV high vo l t age  feed-through 
viewing window s e a t  
oxygen f r e e  copper 
h igh  p u r i t y  copper 
h igh  p u r i t y  copper 
n i c k e l  f o i l  
fused  s i l i c a  
l e a d  O-ring 
1ea.d O-ring 
g l a s s  tb. t i nned .  Kovar 
g l a s s  t o  t i nned  Kovar 
l e a d  O-ring 
The assembly i s  fus ion  h e l i - a r c  welded us ing  no f i l l i t  m a t e r i a l s  
wi th  t h e  except ion o f  t h e  f l a n g e  ca r ry ing  t h e  Ultek-window assembly which 
has  a f i l l i t e d  b u t t  j o i n t ,  
Af te r  welding a l l  t h e  s t a h l e s s  s t e e l  p a r t s  of  t h e  system i r ~ c l u d i n g  
t h e  Vac-Ion pump components were cleaned. and etched by t h e  Diversy process  
g iv ing  extremely contamination f r e e  su r f aces .  A l l  o t h e r  components were 
a l s o  cleaned according t o  p re sc r ibed  methods, The vacuum trcbds a r e  
i n d i v i d u a l l y  inspec ted  with a Veeco Helium Leak Detec tor  and showed no 
d e t e c t a b l e  leak .  
b )  Experiments Aimed a t  "Sub-Threshold" Bulk Pherlomena 
Figure 8 i s  a photograph o f  t h e  g l a s s  dewar used i n  t h e  search  f o r  
bulk e f f e c t s  a s soc i a t ed  with displacement s f  l i t h i u m  atoms, The detrar v e s s e l  
te rminates  i n  a copper cold f i n g e r  of  1 cy2 cross-sec t ion  which has four  
faces ,  each capable of  a c c e p t i n g . a  1 x 2  cm s i l i c o n  photovol ta ic  c e l l .  
The c e l l s  a r e  soldered t o  meta l l ized  A 1  0 p l a t e l e t s  which i n  tu rn  
were cemented t o  t h e  copper cold  f i n g e r  with ~ . ~ . ~ c B m e n t .  This mounting 
procedure provided t h e  c e l l s  with thermal contac t  t o  the  cold f i n g e r  and 
e l e c t r i c a l  i s o l a t i o n  from it. I t ,  t h e r e f o r e ,  becomes poss ib le  t o  measure 
t h e  e l e c t r o n  beam c u r r e n t  absorbed i n  t h e  s i l i c o n - s o l a r  c e l l s  and t h e  value 
The presence of  de fec t s  i s  s igna l l ed  by a change i n  t h e  I /IB 
r a t i o .  I n  our experiment, a two channel recorder  was used t o  recordSC1 
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and IB simultaneously. 
The experiment i s  t o  be performed a,t a temperature low enough t o  
prevent  d i f fus ion  of  l i th ium ions .  This was assured by keeping t h e  sainple a t  
l i q u i d  n i t rogen temperature throughout t h e  i r r a d i a t i o n .  
c )  Modifications t o  t h e  Van de Graaff System 
The Van de GraaEf beam w i l l  be s c a t t e r e d  over an a rea  somewhat 
l a r g e r  than t h e  saniple with t h e  help of an e l e c t r o s t a t i c  d e f l e c t i o n  system 
and c i r c u i t s  designed t o  provide varying high voltage signals t o  t h e  
h o r i z o n t a l  and v e r t i c a l  de f l ec t ion  p l a t e s  a t  two incommensurable freeq~tencies. 
The c i r c u i t s  required some yedesign s ince  the  o l d e r  vers ion  c i r c u i t s  were 
not  opera t ing  a s  requi red .  
CONCLUSIONS 
1. The e f f e c t  of i x r a d i a t i n g  semico~lductors by e l e c t r o n s  whose 
energy i s  too  low t o  d i sp lace  hos t  l a t t i c e  atoms were reviewed. I n  t h e  case 
o f  lithium-doped s i l i c o n  c e l l s ,  such sub-threshold e l e c t r o n s  could d isplace  
l i th ium ions  and atoms, and thereby produce bulk d e f e c t s  i n t o  t h e  s i l i c o n .  
The low atomic mass o f  t h e  l i th ium atom (At. W t .  = 6 )  r e l a t i v e  t o  t h a t  o f  
s i l i c o n  (At. W t .  z 28)  suggests  t h a t  l i th ium atorns could be d isplaced by 
e l e c t r o n s  o f  30 keV o r  even lower energy. 
2. The e f f e c t s  of e l ec t ron  r a d i a t i o n  on t h e  semiconductor 
su r face  were reviewed. Electron i r r a d i a t i o n  can change both the  su r face  
potential .  + s , and t h e  nature  and concentrat ion of  recombination s i t e s  
on t h e  semiconductor surface .  Experiments designed t o  separa te  these  e f f e c t s  
were described.  
3 .  A s t e e l  chamber t o  al low i r r a d i a t i o n  of sampl-es i n  an organic  
-. . 
vapor f r e e  vacuum pumped by ion  pump has been designed and constructed.  
4. An experimental apparatus f o r  studying e f f e c t s  of  r a d i a t i o n  i n  
lithium-doped c e l l s  was described.  
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